The hexahydride complex OsH 6 (P i Pr 3 ) 2 (1) activates the C−OMe bond of 1-(2-methoxy-2-oxoethyl)-3-methylimidazolium chloride (2), in addition to promoting the direct metalation of the imidazolium group, to afford a fivecoordinate OsCl(acyl-NHC)(P i Pr 3 ) 2 (3) compound. The latter coordinates carbon monoxide, oxygen, and molecular hydrogen to give the corresponding carbonyl (4), dioxygen (5), and dihydrogen (6) derivatives. Complex 3 also promotes the heterolytic bond activation of pinacolborane (HBpin), using the acyl oxygen atom as a pendant Lewis base. The hydride ligand and the Bpin substituent of the Fischer-type carbene of the resulting complex 7 activate the O− H bond of alcohols and water. As a consequence, complex 3 is a metal ligand cooperating catalyst for the generation of molecular hydrogen, by means of both the alcoholysis and hydrolysis of pinacolborane, via the intermediates 7 and 6.
■ INTRODUCTION
Catalysts based on cooperative ligands are a promising alternative for reactions associated with conversion and storage of regenerative energy.
1 These ligands cooperate with the metal center by participating directly in a σ-bond activation stage and, subsequently, by performing the reversible structural change in the process of product formation. 2 The outer-sphere catalysis takes place with no formal change in the metal oxidation state. The heterolytic σ-bond activation is promoted by a coordinated (Noyori−Morris type) 3 or free (Shvo type) 4 Lewis base at the cooperating ligand or by means of the aromatization of the central ring of a pincer ligand (Milstein type). 5 The ability of the N-heterocyclic carbene (NHC) ligands to modify the electron density of the metallic core 6 has made the NHC transition-metal complexes powerful tools in homogeneous catalysis. These ligands are easily accessible from imidazoles, which can be functionalized on both nitrogen atoms. As a consequence, a variety of excellent promoters for enantioselective processes have been developed. 7 Because the vast majority of the NHC ligands are substituted at nitrogen by alkyl and/or aryl groups, examples of nonchiral catalysts based on NHC ligands containing an additional Lewis base are rare. 8 The scarce catalysts known of this type are centered on hemilabile systems and have been used in functionalization reactions. 9 In addition, some examples of complexes bearing protic NHC ligands acting as bifunctional systems have been also reported. 10 An added problem for the use of NHC ligands in metal−ligand cooperating catalysis is to keep the cooperation capacity between the Lewis base tethered to the imidazole moiety and the metal center, after the carbene coordination. In this context, access to NHC transition-metal complexes able to promote the heterolytic activation of σ bonds is challenging.
We now show a synthetic strategy that allows keeping the cooperative capacity between the additional Lewis base, tethered to the imidazole moiety, and the metal center after the carbene coordination.
■ RESULTS AND DISCUSSION
Formation of a Chelated Functional NHC-Acyl Ligand. The complex OsH 6 (P i Pr 3 ) 2 (1) has been proven to promote the direct metalation of imidazolium and benzimidazolium salts, 11 due to its capacity for activating σ bonds. 12 The reactions have afforded a wide range of NHC complexes, with interesting properties. With alcohol-functionalized imidazolium salts, hemilabile-chelate NHC-keto compounds are formed as a result of the direct metalation of the imidazolium unit and the dehydrogenation of the alcohol function (eq 1). 13 Imidazolium cations containing a carboxylic ester function have been prepared by quaternization of 1-methylimidazole with chlorocarboxylic acid ester. Methyl chloroacetate affords 1-(2-methoxy-2-oxoethyl)-3-methylimidazolium chloride (2). 14 In comparison with the alcohol function, the ester group has the advantage of the presence of a potential sacrificial −OR group. The cleavage of the OC−OR bond should allow an acyl coordination, which would protect the carbonyl oxygen atom.
Furthermore, the ester prevents undesirable secondary reactions typical of aldehydes. 15 In the search for osmium NHC cooperating systems, we performed the reaction of 1 with 2, which led to 3 (eq 2) as a result of the direct metalation of the imidazolium moiety, the cleavage of the C−OMe bond of 2 to afford methanol (detected by GC-MS), the release of three hydrogen molecules, and the coordination of the anion of the starting salt to the metal center. Figure 1 shows the structure of 3. The geometry around the osmium atom can be described as a distorted trigonal bipyramid with apical phosphines and inequivalent angles within the Y-shaped equatorial plane (C(1)−Os−C(6) = 78.41(3)°, Cl(1)−Os−C(1) = 157.60(10)°, and Cl(1)−Os− C(6) = 123.99(10)°). The Os−C(6) and C(6)−O(1) bond lengths of 1.956(3) and 1.235(4) Å, respectively, support the osmium acyl formulation, 16 whereas the Os−C(1) distance of 1.970(3) Å is consistent with a normal coordination of the NHC unit.
11, 13 In agreement with the presence of the acyl group, the IR contains a characteristic ν(CO) band at 1623 cm −1 . In the 13 C{ 1 H} NMR spectrum, the acyl resonance appears at 217.9 ppm as a singlet, whereas the metalated carbene carbon atom displays a triplet (J C−P = 6.8 Hz) at 173.3 ppm.
Coordination of Small Molecules. The coordination number 6 for 3 can be achieved by coordination of small molecules such as carbon monoxide, dioxygen, and dihydrogen. The reactions lead to octahedral trans-phosphine derivatives (Scheme 1).
Stirring toluene solutions of 3 under an atmosphere of carbon monoxide affords the monocarbonyl derivative 4. Figure  2 shows a view of its structure. The carbonyl group lies in the plane perpendicular to the P−Os−P direction, avoiding competition by the electron density of the metal center with the also π-acidic imidazolidene moiety.
11d Thus, it is transdisposed to the acyl unit (C(6)−Os−C(7) = 173.44(17)°). The carbonyl coordination produces a certain weakening of the Os−C(acyl) bond, suggesting that, in addition to the acyl to osmium σ donation, there is also some back-bonding. As a result, the Os−C(6) distance (2.124(4) Å) lengthens by about 0.17 Å with regard to that in 3. In addition, the acyl resonance (δ, 267.6 ppm) in the 13 C{ 1 H} NMR spectrum undergoes a shift of about 50 ppm toward lower field.
Complex 3 gives the dioxygen compound 5 under an atmosphere of oxygen in toluene, at −20°C. A drawing of its structure is shown in Figure 3 . In agreement with a noticeable π-acceptor character, the coordinated oxygen molecule is transdisposed to the acyl group at the plane perpendicular to the P− Os−P direction, as the carbonyl ligand of 4. The oxygen atoms are symmetrically bound to osmium with identical Os−O bond lengths of 2.072 (7) , supports the peroxide formulation. 18 The coordination of the oxygen molecule also weakens the Os−C(acyl) bond, although the effect is less pronounced than in the carbonyl case. Thus, the Os−C(6) bond length of 2.066(11) Å is about 0.11 Å longer than in 3 but about 0.06 Å shorter than in 4. Complex 3 adds molecular hydrogen to afford the dihydrogen compound 6, under a hydrogen atmosphere, in toluene at room temperature. In contrast to carbon monoxide and oxygen, the coordination of the hydrogen molecule is reversible. The replacement of the hydrogen atmosphere by argon regenerates 3. This difference in behavior is a consequence of the scarce π-acceptor power of the hydrogen ligand and its low σ-donation capacity. Figure 4 shows a drawing of the molecule of 6. In contrast to carbon monoxide and oxygen, the hydrogen molecule coordinates trans to the π-acceptor imidazolidene moiety. The hydrogen atoms separated by 1.1 (1) Åare located in the plane perpendicular to the P−Os−P direction. Retainment of the H−H bond after the dihydrogen coordination is also supported by the 1 H NMR spectrum, in toluene-d 8 , which contains the characteristic dihydrogen resonance at −4.50 ppm with a 300 MHz T 1 (min) value of 8 ± 1 ms at 223 K. This value corresponds to a H−H distance of 0.80 Å (fast spinning) or 1.0 Å (slow spinning). 21 In accordance with the latter, a H−D coupling constant of 23.1 Hz was obtained from the species containing the partially deuterated η 2 -HD ligand.
22
Alcoholysis and Hydrolysis of Pinacolborane. The comparison of the structures shown in Figures 2−4 suggests that the coordination of σ bonds to 3 is favored at the positions trans to the imidazolidene moiety. Due to the π-acceptor character of this unit, 10d the interaction should mainly involve σ donation from the σ orbital of the coordinated bond to empty orbitals of the metal. The ligand to metal nature of the donation would favor the heterolytic cleavage of the σ bond, which could use the oxygen atom of the cis-acyl group as a pendant Lewis base. In fact, in contrast to molecular hydrogen, the polar B−H bond of pinacolborane (HBpin) undergoes heterolytic bond activation. 23 The addition of 1.0 equiv of the boron hydride to dichloromethane-d 2 solutions of 3, contained in an NMR tube, affords 7, in an instantaneous and quantitative manner (eq 3). Its formation, which does not imply any change is the formal metal oxidation state, is mainly supported by the 1 H and 11 B{ 1 H} NMR spectra of the resulting solution. The former contains a triplet (J H−P = 26.4 Hz) at −9.32 ppm with an integrated intensity of 1 corresponding to the hydride ligand, whereas the latter shows a characteristic B(OR) 3 resonance at 19.2 ppm. The hydride ligand and the Bpin substituent of the generated Fischer-type carbene activate the O−H bond of alcohols and water, via an outer-sphere process, in a heterolytic manner. As a result, complex 7 is extremely sensitive to the dampness of the solvent and even to the presence of −OH groups in the glassware. These reactions and those with alcohols give ROBpin and the dihydrogen derivative 6, which loses the coordinated hydrogen molecule to regenerate 3. The formation of 7 according to eq 3, the outer-sphere activation of RO−H bonds, and the release of H 2 to regenerate 3 constitute a stoichiometric cycle for the generation of molecular hydrogen by means of the alcoholysis of HBpin (Scheme 2).
According to this cycle, complex 3 catalyzes the kinetically controlled alcoholysis of pinacolborane, as well as its hydrolysis (Scheme 3). These reactions were performed in toluene at 30°C using 2 mol % of catalyst and HBpin and ROH concentrations of 0.276 M. The amount of H 2 generated was measured by displacing Vaseline oil from a gas buret.
Primary, secondary, and tertiary alcohols, as well as phenol, were successfully used to generate molecular hydrogen and ROBpin in a quantitative manner, with turnover frequencies at 50% conversion (TOF 50% ) between 3644 and 62 h −1 (Scheme 3i). The bulkiness of the alcohol determines its efficiency, which decreases in the sequence primary > secondary > tertiary. In a consistent manner, for primary alcohols, the reaction rates decrease as the length of the carbon chain increases: i.e., methanol > ethanol > 1-butanol > 1-octanol. Benzyl alcohol generates H 2 with a TOF 50% value similar to that of 1-butanol. 2-Propanol presents a TOF 50% value similar to that of 1-butanol and is about 10 times less efficient than methanol, whereas tertbutyl alcohol is about 6 times less efficient than 2-propanol. The reaction rate with phenol is similar to that with 2-propanol.
The hydrolysis (Scheme 3ii) is sequential. , which is about 3.5 times faster than the first reaction. The low TOF 50% value observed for the formation of HOBpin appears to be a consequence of the low solubility of H 2 O in toluene, whereas the high selectivity in its formation, along with the influence of the alcohol size in the alcoholysis, suggests that the outer-sphere RO−H bond activation is a twostage process (Scheme 2). Initially, the coordination of the oxygen atom of ROH to the acidic boron atom of 7, to afford B, takes place. In the second step, the transfer of the OH proton to the hydride and the concerted release of ROBpin from B occur, to form 6. Thus, the catalysis rate is a function of the formation constant of B and the rate constant of the proton transfer. The former value increases as the bulkiness of the R substituent decreases, while the latter value increases as the bulkiness of the R substituent increases.
■ CONCLUDING REMARKS
In conclusion, the reactions of hydride complexes with imidazolium cations with a tethered carboxylic ester function at one of the nitrogen atoms allow the preparation of complexes containing a chelated functional NHC-acyl ligand, as a result of the direct metalation of the imidazolium moiety and the C−OR bond activation on the ester function. Through this novel strategy, in this paper, we show the synthesis of the five-coordinate complex 3. This compound is a metal ligand cooperating catalyst for the generation of molecular hydrogen by means of both the alcoholysis and the hydrolysis of pinacolborane. This property is a direct consequence of the capacity of 3 for coordinating small molecules, including σ bonds, and for promoting the heterolytic B−H bond activation of boranes using the acyl oxygen atom as a pendant Lewis base.
■ EXPERIMENTAL SECTION
All reactions were carried out with rigorous exclusion of air using Schlenk-tube techniques or in an argon-filled Unilab glovebox (O 2 levels below 0.6 ppm). Glassware was previously pretreated with 5% Me 3 SiCl in dichloromethane solution, to silylate the glass surface. Acetone, methanol, tetrahydrofuran, and 2-propanol were dried and distilled under argon. Other solvents were obtained oxygen-and waterfree from an MBraun solvent purification apparatus; additionally, pentane was treated with P 2 O 5 . Alcohols were dried by standard procedures and distilled under argon prior to use. Pinacolborane (HBpin; 4,4,5,5-tetramethyl-1,3,2-dioxaborolane) and all other reagents were purchased from commercial sources and used without further purification. NMR spectra were recorded on a B to BF 3 ·OEt 2 ). Coupling constants J and N (N = J(PH) + J(P′H) for 1 H and N = J(PC) + J(P′C) for 13 
C{
1 H}) are given in hertz. Attenuated total reflection infrared spectra (ATR-IR) of solid samples were run on a PerkinElmer Spectrum 100 FT-IR spectrometer. C, H, and N analyses were carried out in a PerkinElmer 2400 CHNS/O analyzer. High-resolution electrospray mass spectra (HRMS) were acquired using a MicroTOF-Q hybrid quadrupole time-of-flight spectrometer 2 (0.500 g, 0.968 mmol) was dissolved in a 1/1 THF/ toluene mixture (10 mL) and treated with 1-(2-methoxy-2-oxoethyl)-3-methylimidazolium chloride (0.220 g, 1.154 mmol). The mixture was stirred under reflux for 3 h before the volatiles were removed under vacuum. Subsequent addition of methanol (2 mL) to the resulting residue, at approximately −70°C, led to the formation of a reddish brown solid, which was washed with further portions of diethyl ether (2 × 3 mL) and dried in vacuo. Yield: 0.480 g (74%). Orange crystals suitable for X-ray diffraction analysis were obtained from a concentrated solution of 1 in acetone. Anal. Calcd for C 24 (4) . A solution of 3 (0.088 g, 0.131 mmol) in toluene (5 mL) was stirred under a CO atmosphere (1 atm) at room temperature for 5 min. The resulting colorless solution was reduced to dryness. Addition of diethyl ether (3 mL) to the residue obtained led to the formation of a white solid, which was washed with additional portions of diethyl ether (2 × 3 mL) and dried in vacuo. Yield: 0.037 g (40%). Colorless crystals suitable for X-ray diffraction analysis were obtained from a concentrated solution of 4 in acetone. Anal. Calcd for C 25 8 . In a typical procedure, the alcohol (except for PhOH, which was dissolved in 400 μL of toluene) (1.38 mmol) was added via syringe to a solution of the catalyst (2.8 × 10 −2 mmol) and HBPin (1.38 mmol) in toluene (5 mL) placed in a 25 mL flask attached to a gas buret and immersed in a 30°C bath (eq S1 and Figure S2 in the Supporting Information), and the mixture was vigorously shaken (500 rpm) during the run. The reaction was monitored by measuring the volume of the evolved hydrogen with time until hydrogen evolution stopped. Representative gas vs time plots are given in the Supporting Information. The solution was then passed through a silica gel column. Removal of the volatiles gave the boryl ether. The products were analyzed by 1 H, 13 Structural Analysis of Complexes 3−6. X-ray data were collected for the complexes on a Bruker Smart APEX CCD diffractometer equipped with a normal focus, 2.4 kW sealed tube source (Mo radiation, λ = 0.71073 Å) operating at 50 kV and 40 mA (5) or 30 mA (3, 4, and 6) . Data were collected over the complete sphere. Each frame exposure time was 10 s (3, 4, and 6) or 40 s (5) covering 0.3°in ω. Data were corrected for absorption by using a multiscan method applied with the SADABS program. 25 The structures were solved by Patterson or direct methods and refined by full-matrix least squares on F 2 with SHELXL97, 26 including isotropic and subsequently anisotropic displacement parameters. The hydrogen atoms (except hydrides) were observed in the least-squares Fourier maps or calculated and refined freely or refined using a restricted riding model. Hydrogens bonded to metal atoms were observed in the last cycles of refinement but refined too close to metals; therefore, a restricted refinement model was used for all of them (d(Os−H) = 1.59(1) Å).
Complex 6 was first solved and refined in the monoclinic Cc space group. However, a pseudomerohedric twin that simulated orthorhombic (β approximately 90°) and racemic twin laws was observed. Once the refinement was finished, the ADDSYM option in Platon 27 suggested the orthorhombic Cmcm as the correct space group. 28 With this symmetry, the osmium is site in the 2-fold axis along (1/2, y, 3/4). As a result, the chlorine, carbene, and dihydrogen ligands are disordered by symmetry. To complete the anisotropic refinement, restraints were used in some distances (DFIX command) and thermal parameters (SIMU and DELU commands) in the disordered groups. , F(000) = 1616, T = 100(2) K, μ = 3.762 mm −1 , 29295 measured reflections (2θ = 3− 58°, ω scans 0.3°), 2388 unique (R int = 0.0376), minimum/maximum transmission factors 0.641/0.746, final agreement factors R1 = 0.0228 (2335 observed reflections, I > 2σ(I)) and wR2 = 0.0556, data/ restraints/parameters 2388/109/143, GOF = 1.086, largest peak and hole 1.808 and −1.464 e/Å 3 .
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